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Introduction
Fuelbeds consist of a number of combustible components that are consumed during 
a fire, including duff, litter, vegetation (herbs, shrub, foliage, and branches) and down 
dead woody material (DWM). Combustion of DWM during a fire has a well-doc-
umented role in determining fire effects and fire behavior impacts such as emissions 
(Sandberg and others 2002), vegetative changes (Brown and Smith 2000), soil heat-
ing (Neary and others 2005), and fire intensity (Pyne and others 1996). Inventory 
programs and research studies, such as Brown and See 1981, note that on forested 
sites in the United States DWM is often the second most abundant fuel component 
by mass (after duff), so an accurate prediction of DWM consumption is important 
for determining fire effects and fire behavior.

A common method for predicting the amount of DWM consumed during the com-
bustion process is through the development of empirical relationships. Empirical 
equations for DWM consumption are created by collecting prefire and postfire 
DWM measurements and then using important variables such as fuel condition, 
burning conditions, site, and ignition pattern to predict the amount of DWM con-
sumed by the fire. Empirical equations are often quite accurate when used to predict 
DWM consumption with input values similar to the experimental data the equations 
were developed from. However, because of the numerous input variables needed for 
empirical DWM consumption calculations, it is often difficult to know if all inputs 
fall within the range of the experimental data or, when the inputs are known to be 
outside the range of the experimental data, the magnitude, if any, the influence those 
variables have on the results seen in any specific simulation.
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Burnup is a research-based mechanistic fuel consumption model that has been devel-
oped, tested, and calibrated in previous work (Albini 1994, Albini and Reinhardt 1995, 
Albini and others 1995, Albini and Reinhardt 1997). Data are brought into Burnup 
using input files that describe size class (surface area to volume ratio [S/V ratio]), bio-
mass, fuel moisture, wood density, mineral ash fraction, heat of combustion, heat 
capacity, thermal conductivity, ignition temperature, and char temperature for each 
fuel component. The basic premise of the model is that adjacency of pieces of woody 
material primarily determines consumption through local fire intensity. Burnup uses a 
hierarchical sorting routine to order DWM input data records by increasing diameter 
(decreasing S/V ratio), increasing moisture content, and increasing wood density. After 
an initial ignition pulse to ignite fuel components, Burnup logic limits simulated burn-
ing interaction so each size class is influenced only by its own and smaller size classes as 
defined by S/V ratio in the data input file. The ratio of interaction is proportional to the 
ratio of the diameters of the interacting fuel elements so the closer in size two elements 
are the more burning interaction there is between the elements (this process is described 
in detail in Albini 1994 and Albini and others 1995). Fire intensity and fuel consump-
tion are simulated at 15-second time steps from ignition to the end of combustion. The 
temporal component of Burnup is a significant benefit as the model is able to simulate 
smoldering and flaming combustion, and intensity, over time.

In this study, factorial analysis was used to identify the main effects and interaction(s) 
of four independent factors—DWM size classification, load, moisture, and rot—on 
percent DWM consumption simulated in the Burnup model. In standard fuel surveys, 
dead and down woody material greater than 7.62 cm diameter is typically recorded 
in 2.54 cm classes but building Burnup input files at that resolution would be tedious 
and time consuming. On the other hand it would be much simpler to build Burnup 
input files where fuel load of DWM greater than 7.62 cm was grouped into one class; 
however, model behavior at that resolution is uncertain. The DWM size classification 
factor was used in this study to test the accuracy of the model with DWM greater than 
7.62 cm grouped into a number of classes based on the piece diameter measured where 
pieces intersected the sample plane (Brown 1974). Fuel load is typically correlated with 
piece density—as the fuel load increases, there is greater likelihood of DWM being 
adjacent or crossing. The interaction of burning DWM is a fundamental component of 
the Burnup simulation model, so diverse fuel load classes were included in this study to 
test model sensitivity to variable fuel load and the correlated interaction of burning fuel 
particles. Fuel moisture affects the amount of oxygen available for combustion and heat 
flux, and it is important for determining duration of flaming and smoldering (Albini 
and Reinhardt 1995). The moisture classes used in this study were similar to those used 
in the First Order Fire Effects Model (FOFEM) (Reinhardt 2003). Consumption of 
DWM is directly related to the amount of rot present in burned pieces (Albini and 
Reinhardt1995, Brown and others 1991, Hyde and others 2011). Percent of rot was 
included to test the sensitivity of Burnup to the presence of rot in DWM.

The analysis contained in this research note was undertaken to assist with the incorpora-
tion of Burnup in three fire simulation models: FOFEM, FARSITE Fire Area Simulator 
(Finney and Andrews 1998), and the BehavePlus Fire Modeling System (Heinsch and 
Andrews 2010).
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The objectives of the analysis were to: (1) identify the importance of four input vari-
ables in estimating the percent total DWM fuel consumption, and (2) identify any 
interaction between the four tested factors.

Methods
Data for this study were collected as part of the Gradient Modeling and Remote Sensing 
(GMRS) study (Keane and others 2002) and consisted of 922 plots sampled on the 
Kootenai National Forest in northwest Montana and Nez Perce National Forest in 
central Idaho. The inventory data from the GMRS study were collected along ecologi-
cal gradients and used as baseline data for mapping important landscape characteristics. 
The GMRS data were used in this sensitivity analysis because they were collected with 
consistent field sampling procedures and from diverse ecological types. Specifically, the 
GMRS dataset provided duff and DWM loading, and duff depth values for the Burnup 
sensitivity analysis. Of the 922 plots sampled, 141 (15 percent) had no DWM greater 
than 7.62 cm in diameter and were removed from consideration for this study. The 
remaining 781 plots made up the study dataset. For simplification of model inputs, 
duff, litter, and woody fuels less than 7.62 cm diameter were used as found in the study 
dataset. Herbaceous and live woody fuels were not analyzed.

Four Burnup input variables were tested: (1) classification of 7.62 cm and greater 
DWM, (2) total DWM fuel load, (3) moisture content, and (4) percent of DWM 
biomass that was considered rotten. The study used a balanced factorial experiment 
with 20 observations per cell to identify effects on the dependent variable: percent total 
DWM consumed. “Percent total DWM consumed” in this study was based on the 
summed total biomass per unit area of pieces 0 to 0.635 cm (1-hr timelag fuels), 0.635 
to 2.54 cm (10-hr timelag fuels), 2.54 to 7.62 cm (100-hr timelag fuels), and 7.62 cm 
and greater DWM components of the fuel complex.

The GMRS data were analyzed at three levels of DWM fuel load. Load for each factor 
level was established as the median total DWM biomass of 20 samples around the 10th, 
50th, and 90th percentiles (10 samples either side of the percentile) of the 781 plots in 
the study dataset. These 60 samples provided the fuel load data used in this study.

The class factor described how the load of DWM greater than 7.62 cm in diameter 
was grouped for input to the model. For each of the 60 GMRS study plots identified 
above, the fuel load of DWM greater 7.62 cm was calculated using standard equations 
(Brown 1974) by grouping log diameters into the five classes listed in table 1. Each of 
the five classes was considered a factor level in this study. The 4-class factor level closely 
corresponded to the classification used by Albini and others (1995) in validation tests.

Fuel size within Burnup is actually defined by S/V ratio, not diameter. Diameter was 
used to describe fuel classes only because it is more intuitive to most readers than S/V 
ratio. S/V ratio for each class was calculated with the formula:

S/V ratio = d d

2

4 4+
l u  where,

dl is the diameter at the lower class limit, in meters and
du is the diameter at the upper class limit, in meters.
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Moisture content was tested at the four factor levels presented in table 2. The levels 
used for DWM fuel moisture were similar to the default fuel moisture classes used 
in FOFEM, which were developed with input from researchers and managers in the 
western United States.

The study dataset was analyzed to determine levels of the proportion of rot factor. 
The condition of DWM greater than 7.62 cm was recorded in the GMRS study as 
one of five condition classes (Maser 1979). In this study condition classes 1, 2, and 3 
were considered sound DWM, and classes 4 and 5 were considered rotten DWM. In 
the Burnup model, two characteristics differentiate rotten wood from sound wood: 
(1) rotten wood has lower wood density (224 Kg/m3 for rotten fuel vs. 513 Kg/m3 
for sound fuel) and (2) rotten wood has a lower ignition temperature than sound 
wood (302 degrees C vs. 327 degrees C). These figures come from Albini (1994) and 
were used in the Albini and others (1995) calibration study. In simulation input files 
the fuel moisture for rotten DWM greater than 7.62 cm was set at 250 percent that 
of the sound fuels. This multiplier was found in the original Burnup development 
files and may be suspect. For example, Brown and others (1991) noted fuel moisture 
of rotten DWM greater than 7.62 cm was 175 percent and 140 percent greater than 
sound material in spring and fall, respectively.

Two factorial analyses were used to examine data. The first was used to identify the 
factors that significantly influenced the percent total DWM consumed. Then those 
results were used to reduce the number of factors and/or levels where appropriate. 
The second analysis was again used to look for important factors in the reduced 
model but also to identify significant interactions between levels. Heterogeneous 
variance and non-normality were present in the analysis. Alternative analyses (arc-
sin transformation, trimmed mean and Welch-type analysis of variance for multiple 
factors [Wilcox 1997]; Kruskal-Wallis analysis for single factors) were computed 
to assess sensitivity of results to violation of homogeneous variance and normality 

Table 1—Biomass of DWM greater than 7.62cm was distributed into these five levels based on piece diameter at point of intersection with 
sampling plane.

 Fuel factor levels Load factor classes (cm)  Load factor classes (in.)

 19-class  >7.62 to 10.16, >10.16 to 12.70, >12.70 to 15.24, >50.80 >3 to 4, >4 to 5, >5 to 6…>20

 6-class >7.62 to 15.23, >15.23 to 22.85, >22.85 to 30.47,  >3 to 6, >6 to 9, >9 to 12, >12 to 15, >15 to 20, >20

  >30.47 to 38.09, >38.09 to 50.79, >50.8

 4-class >7.62 to 15.23, >15.23 to 22.85, >22.85 to 50.80, >50.80 >3 to 6, >6 to 9, >9 to 20, >20

 3-class  >7.62 to 22.85, >22.85 to 50.79, >50.80 >3 to 9, >9 to 20, >20

 1-class >7.62 >3

Table 2—Four fuel moisture levels were tested as inputs to Burnup to 
identify significant differences in the model’s output.

 Percent moisture

 Fuel size Very dry Dry Moderate Wet

 0 to 0.635 cm 3 6 9 11
 0.635 to 2.54 cm 4 8 11 14
 2.54 to 7.62 cm 6 10 15 18
 7.62+ cm 13 15 20 35
 Duff 40 75 120 195
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Table 3—Minimum, median, and maximum total DWM biomass for 
each load level.

 Load level Minimum Median Maximum

 --------------------------kg m-2 (t ac-1)---------------------------

 Low 0.43 (1.91) 0.49 (2.19) 0.56 (2.49)
 Medium 3.09 (13.79) 3.16 (14.10) 3.26 (14.54)
 High 9.10 (40.58) 9.52 (42.49) 9.91 (44.20)

assumptions of the factorial analyses. No concerns were identified in these secondary 
analyses. Therefore, only the factorial results for the untransformed data are reported 
here. Variation within individual factors was interpreted using the Tukey-Kramer 
HSD multiple comparison procedure.

A significance value of 0.05 was used to identify significant factors throughout this 
study.

Results and Discussion
The median load of the low, medium, and high total DWM load levels corresponded 
to 0.49 kg m-2 (2.19 tons ac-1), 3.16 kg m-2 (14.10 tons ac-1), and 9.52 kg m-2 

(42.49 tons ac-1), respectively (table 3).

Of 781 plots in the study dataset, 7 percent of the plots had 100 percent of the 
DWM 7.62 cm and greater diameter recorded as sound and 27 percent of the plots 
had 100 percent of the DWM 7.62 cm and greater diameter recorded as rotten. The 
10th, 50th, and 90th percentiles of the proportion of rotten fuels calculated from the 
study dataset were used as the three levels of rot: low=8 percent rotten total DWM 
load, moderate=77 percent, and high=100 percent. At each level the same proportion 
of rot was applied to all 1-hr, 10-hr, 100-hr, and the 7.62 cm and greater DWM.

First Analysis

Analysis of variance found the model as a whole was significant (p < 0.001). Percent total 
predicted DWM consumption was significantly influenced by each of the four factors  
(p < 0.001). Two interesting relationships emerged while examining the within-factor 
significance tests. First, within the fuel class factor the only significant difference 
from the grand mean of consumption was for the 1-class level (p < 0.001). Tests us-
ing Tukey-Kramer HSD confirmed this significance. Predicted percent consumption 
of the other class factor levels was not significantly different than the grand mean 
or each other. The greater consumption simulated with the 1-class level was due to 
having all the 7.62 cm and greater fuel represented by one S/V ratio in the Burnup 
input file, thus all simulated interaction was within the same size class rather than 
across several size classes. Because Burnup was calibrated with the 7.62 cm and greater 
fuels separated in multiple elements and, in this study, all the fuel class factor levels 
with multiple elements had similar simulated consumption, the 1-class factor was 
deemed to be the unusual case and removed. Second, Tukey-Kramer analysis found 
an insignificant difference between the dry and very dry levels of the moisture class 
(p = 0.082). The value was marginal relative to the other p-values so both levels were 
retained.
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Second Analysis

The 4X3X4X3 balanced factorial analysis examined the significance of main effects, 
the two-, three-, and four-way interactions, and the significance of each level in de-
termining percent total DWM consumption (table 4).

Model Test

The second factorial experiment resulted in a significant but poorly explained re-
lationship (table 5). The low R-square is not surprising because the analysis only 
examined four user inputs so other important model inputs were held constant and 
not tested. The shortcoming of testing the model this way was that unaccounted 
variation remained in the residual error which desensitized the F-tests, increasing the 
chance of a Type II error. Factor profiles for class, load, moisture, and rot are shown 
in figure 1.

Class Factor Test

With the 1-class factor level removed from the analysis, the class factor was not a significant 
effect in the model (F = 2.06, p(F) = 0.1034). Tukey-Kramer tests found a relatively high  
p-value for the 19-class vs. 3-class factor level (p = 0.068). Other factor levels had 
lower p-values.

The following tabulation includes the differences of mean predicted percent total 
DWM consumption and (p-value) for all Tukey-Kramer comparisons of the class 
factor:

 Level 19-Class 6-Class 4-Class
 6-Class 1.2 (0.831)
 4-Class 1.4 (0.714) 0.3 (0.997)
 3-Class 3.3 (0.068) 2.2 (0.379) 1.9 (0.507)

Table 4—Factors and levels used in the final factorial analysis were 
selected after initial analysis determined that the 1-class factor 
level was not significant.

 Factor Level

 Class 3-Class 
  4-Class 
  6-Class 
  19-Class

 Load Low 
  Medium 
  High

 Moisture Very Dry 
  Dry 
  Moderate 
  Wet

 Rot Sound 
  Moderate 
  Rot

Table 5—Results of the final factorial analysis noted a significant but 
poorly explained relationship.

 Root mean  R-square 
n square error (adjusted) F p(F)

2880 25.86 0.253 6.48 <0.0001
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Load Factor Test

The Load factor significantly influenced percent total DWM consumption (F = 29.4, 
p(F) < 0.001); however, there was no significant difference in percent total DWM 
consumption estimated at the high and low factor levels (p = 0.092) when tested us-
ing Tukey-Kramer HSD. Tests of low vs. medium and medium vs. high levels found 
significantly different percent total DWM consumption (p < 0.001). The relationship 
of percent consumption at these levels was not immediately intuitive as percent con-
sumption was higher at the moderate load level than at the low or high levels (fig. 1). 
An untested explanation for this has to do with the interaction between burning 
pieces as modeled in Burnup. At the low load level, the sparse spatial distribution of 
pieces did not allow the energy from one burning piece to greatly effect the burning 
of adjacent pieces. At the high load level pieces interacted substantially but, because 
absolute DWM load was high, the percent DWM consumption was lower than for 
the moderate fuel load level. Also, in the study dataset, median piece diameter at the 
high fuel load level was 17.8 cm (7 in.) compared to 127 cm (5 in.) at the low and 
medium load levels and large pieces with low surface area to volume ratio may not 
have burned as completely as DWM in the low and medium levels. At the moderate 
level the spatial distribution of pieces and modest fuel load allowed the simulated 
interaction of elements to effectively increase the percent DWM consumed above 
the other two levels.

The following tabulation includes the differences of mean percent total DWM con-
sumption and (p-value) for all Tukey-Kramer comparisons of the load factor:

 Level Low Medium
 Medium 8.8 (<0.001)
 High -2.5 (0.092) -6.3 (<0.001)

Moisture Factor Test

Moisture factor significantly influenced percent total DWM consumption (F = 197.3, 
p(F) < 0.001). Tukey–Kramer comparison of the dry vs. very dry factor found an 
insignificant difference in consumption (p = 0.137) at those two levels. Other within-
factor significance tests indicated highly significant relationships (p < 0.001). The 
moisture factor explained more model variation than any of the other factors in the 
model, with the wet level responsible for much of that variation.

Figure 1—Factor profiles for class, load, moisture, and rot. Bars represent 95% confidence intervals.
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The following tabulation includes the differences of mean percent total DWM con-
sumption and (p-value) for all Tukey-Kramer comparisons of the moisture factor:

 Level Wet Moist Dry
 Moist 20.1 (<0.001)
 Dry 27.1 (<0.001) 6.2 (<0.001)
 Very Dry 30.0 (<0.001) 9.2 (<0.001) 2.9 (0.137)

Rot Factor Test

Proportion of rotten DWM significantly influenced the percent total DWM con-
sumed (F = 109.2, p(F) < 0.001). Each of the levels significantly affected the percent 
DWM consumed and fuel consumption between levels behaved in an intuitive 
way—percent consumption increased as percent rotten fuel load increased (fig. 1). 
Albini and others (1995) and, more recently, Hyde and others (2012) confirmed this 
relationship.

The following tabulation includes the differences of mean percent total DWM con-
sumption and (p-value) for all Tukey-Kramer comparisons of the rot factor:

 Level Sound Moderate
 Moderate 12.5 (<0.001)
 Rotten 16.8 (<0.001) 4.3 (0.001)

Factor Interaction

There was little interaction noted in this analysis, perhaps because the moisture fac-
tor explained much of the model variation, relative to the other levels (table 6). The 
only significant interaction was between load and rot, with increasing consumption 
as load and proportion of rot increased (fig. 2). This interaction is a combination of 
two model processes previously discussed: (1) other factors being equal, proportion-
ally less total DWM biomass was consumed at the high fuel level because there was 
proportionally less consumption of the large diameter DWM and (2) percent rotten 
fuel load increases total DWM consumption. Thus, the interaction is due to propor-
tionally more rotten DWM being consumed at the high loading level because the 
large DWM did not burn as completely when sound as it did when rotten.

Table 6—Of eleven interactions tested, only the load vs. rot 
interaction was significant. One of the remaining 10 interactions, 
load vs. moisture, showed a moderate significance.

Source F Ratio Prob>F

Class-Load 0.11 0.999
Class-Moisture 0.003 1.000
Class-Rot 0.029 0.999
Load-Moisture 1.94 0.0710
Load-Rot 8.87 <0.0001
Moisture-Rot 0.05 0.999
Class-Load-Moisture 0.027 1.000
Class-Load-Rot 0.061 1.000
Class-Moisture-Rot 0.006 1.000
Load-Moisture-Rot 0.135 0.999
Class-Load-Moisture-Rot 0.003 1.000
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Conclusion
There are two specific recommendations that result from the analyses. First, when 
organizing Burnup input data, avoid distributing log diameters for DWM 7.62 cm 
(3 in.) and greater into classes more coarsely than the 4-class distribution: >7.62 cm 
to 15.23 cm, >15.23 cm to 22.85 cm, >22.85 cm to 50.79 cm, and >50.79 cm (3 in. 
to 6 in., 6 in. to 9 in., 9 in. to 20 in., and diameters greater than 20 in.), or some-
thing that closely approximates that classification. This classification appeared to give 
robust answers with a minimum of DWM classification effort. These results should 
not be interpreted to suggest that large size DWM only need be tallied by size class 
in the field. Large DWM is an important component for wildlife, nutrient cycling, 
and carbon processes (Harmon and others 1986) so the diameter should be recorded 
to, at least, the nearest 2 cm for accurate estimates of large DWM, then grouped 
into classes for Burnup simulations. Second, most of the variation in the model was 
explained by one factor—moisture. Fuel moisture is not often calculated from fuel 
samples prior to a prescribed fire; instead, it is inferred from fire danger rating or 
assigned based on the manager’s experience. The results suggest measured fuel mois-
ture may produce better DWM consumption (and associated emissions) predictions. 
Likewise, field measurement of wood condition (decay) class is sometimes bypassed 
to reduce sampling time; however, the results of this study indicate that accurate as-
sessments are important for estimating percent consumption.

Figure 2—Interaction profiles for all factor levels. The only significant interaction was between 
load and rot.
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